Background. Postural control associated with self-paced movement is critical for balance in older adults. The present study aimed to investigate the effects of a virtual reality-based program on the postural control associated with rapid arm movement in this population.
H UMAN balance is based on complex mechanisms involving several sensory systems such as proprioception, vision, vestibular information, and muscular function. Several studies have tried to define system-specific agerelated declines as a means of preventing falls in older adults (1) (2) (3) (4) . Instead of investigating the peripheral causes of falls, some researchers suggest that integration and programming of the central nervous system could be used to treat the agerelated declines in balance function (5, 6) . This is especially true for self-paced balance disturbances seen in ecological situations during projective rapid arm movements (7) .
Age-related changes in postural control associated with rapid arm movements inducing self-paced perturbations of balance may be a cause of falls in older adults (8) . During postural control associated with a rapid arm movement, voluntary arm movements are preceded by anticipatory postural adjustments (APA) (9, 10) . These responses (APA) are believed to be generated in a feedforward manner to counteract the upcoming mechanical perturbation associated with the arm movement. APAs are not fixed and are scaled to the mechanical characteristics of the focal movement (11) , the direction of an upcoming perturbation (10) , the initial stability of the postural system (12) , and the target size (13) . APAs demonstrate the capacity of the central nervous system to anticipate and integrate certain characteristics of focal movements into the motor program (14) .
Several authors have demonstrated that APAs are delayed in older participants (7, 15) . Man'kovskii and colleagues (7) observed that postural muscles were activated at the same time as focal muscle, and Inglin and Woollacott (15) reported delayed APAs in older participants, but only in a choice reaction time (CRT) rather than in a simple reaction time (SRT) condition. It would be of interest to investigate whether APA can be improved in older adults as this is
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During Rapid Arm Movement in Older Adults: A Preliminary Study directly linked to potential improvements in their predictive capacities and estimation of self-generated perturbations. In older adults, learning can improve motor control including the postural responses to external balance perturbations (16) . Heiden and Lajoie (17) and Bisson and colleagues (18) have shown that virtual reality-based practice reduced the attentional demands of postural control and consequently improved functional balance in older adults. The usefulness of virtual reality as an original and fun way to increase motivation and the amount of task repetitions to favor at least indirect motor improvements has been reported in many studies [see (19) for a review]. Mirelman and colleagues (20) showed that virtual reality training can improve physical performance and gait during complex challenging conditions, as well as certain aspects of cognitive function in patients with Parkinson's disease. However, no studies have specifically investigated the effects of virtual reality-based training on the postural control associated with a rapid arm movement in older adults. We therefore aimed to determine whether postural control associated with an arm-raising task could be improved among aged individuals by using virtual reality-based training. We also wanted to determine whether these improvements are a result of central changes in motor programming. In daily life, sudden and protective arm movements are particularly challenging in terms of balance control. Accordingly, we designed a task in which participants were trained to perform rapid arm-raising movements from an upright standing position. We hypothesized that improvements in arm movement would be accompanied by improvements in postural adjustments, especially during the anticipatory period that precedes the arm movement. Such a finding would suggest central changes in motor programming. To further determine whether predictive capacities of self-perturbations can be improved and lead to more pronounced early postural adjustments, we varied the level of uncertainty under two different conditions. These were an SRT condition, where motor programming is specified in advance of the go-signal, which was compared with a CRT condition, where motor programming is specified after the go-signal.
Materials and Methods

Participants
Sixteen adults participated in the present study after giving their written consent. The Regional Ethics Committee of Burgundy approved the experimental protocol, which was carried out in agreement with legal and international requirements (Declaration of Helsinki, 1964) . Participants were randomly divided into two different groups (i) a the training group (TG) composed of eight participants, including two males and six females, and (ii) a control group (CG) composed of eight participants, including three males and five females. All participants were right handed (21) and were at least 68 years old. The Tinetti test (22) (version with best score equal to 28), the one-leg stance test (all >5 seconds), and the timed up and go test were initially performed for a definitive selection of participants. Participants were asked about their usual physical and mental activities and history; all of the participants were in good health, with normal or corrected vision, and no participant suffered from any neurological, muscular, or cognitive disorder. All of the participants were retired, engaged in regular physical activity (~1.5 hours 2 days per week of walking, approved by a medical doctor), and at least one cognitive activity daily (reading newspapers or literature, doing crosswords). Their cognitive capacities were also evaluated by means of the Mini-Mental State Examination test (all scores ≥28). All participants received complete information about the experimental procedures, but none were informed about the various parameters that we assessed.
Apparatus and Experimental Procedure
To assess the effects of training, center of pressure (CoP) displacements and hand kinematics were measured during the two test sessions (pretest session and posttest session). The structure of the experiment was different in each group. Both the TG and CG were assessed at the pretest stage and 3 weeks later at the posttest stage, but only the TG participated in the six training sessions over the three intervening weeks. In the TG, a minimum interval of 48 hours was respected between the final training session and the posttest stage to avoid any direct influence of the final training session on the posttest.
Test sessions: pretest and posttest.-During the test sessions, hand movements were recorded using the Vicon system (OxfordMetricsGroup; sampling rate: 200 Hz) equipped with three cameras. After clinical assessment, participants received instruction about the arm-raising task: they stood upright on the force platform (feet were oriented on the force plate at a 15° angle on either side of the saggital plan, 15 cm between the two internal malleoli), the left arm down along the body and the right index finger pointing toward the ground, with an angle of between 30° and 35° between the arm and trunk. Participants were instructed to keep their eyes fixed on a horizontal bar placed 2 m from the floor and 2.5 m from the force plate. The force plate was placed flush with the floor. Three diodes were arranged on this horizontal bar, separated by 60 cm. The central diode was directly in front of the participant's right shoulder. Participants were asked to perform their movement in two conditions. In the first condition, the central diode was initially turned off. Participants were told to point with their index finger toward this central diode as soon as it was turned on (SRT). In the second condition, participants were told to point with their index finger toward the left or right diode, which was suddenly turned on. Participants were unaware of the location (right or left) of the visual stimuli (CRT). In both conditions, participants were told to raise their arm as fast as possible and to start as quickly as possible after the appearance of the visual stimuli. They were asked to point to the direction of the diode, to remain for a few seconds with their arm in the air, and to move their index finger back toward the initial starting position. Before each trial, the participants were informed of the stimulation condition in which they were to perform the upcoming movement (SRT or CRT). To determine the effects of training in two different programming modes with various levels of uncertainty, we compared an SRT condition with a CRT condition. In SRT, motor programming is specified in advance of the go-signal, whereas in CRT, motor programming is fully specified only after the go-signal. The participants performed three trials only in each condition to limit any potential learning or relearning effect. Moreover, we chose to analyze three trials only, which is more representative of the risky and unpredictable reactive situations that may induce falls. These three trials per condition were performed in a random order.
Training session.-TG participants took part in six sessions (35-40 minutes per session, three sessions per week for 2 weeks) of virtual reality-based pointing exercises using an interactive training system; the set-up is an active motion capture system based on vision technology manufactured by Fovea Interactive. To imitate the short medical care treatments, such as those prescribed after falls, we chose six sessions over 2 weeks. We did not use the same motion capture system during the training sessions to provide visual biofeedback. These two systems were technically incompatible. This procedure also allowed us to exclude confounding factors by limiting potential contextual effects associated with familiarization with the prototype. Participants wore gloves with markers that were fixed on the index finger of each hand. Marker positions were tracked by the system, which was positioned in front of the participant at a standard distance depending on the participant's height. This prototype was placed underneath a large screen (200 cm × 130 cm, screen diagonal: 238 cm), onto which marker positions were projected. In this way, the movements of both the hands were represented on the screen, with a delay of 33 ms. The right index finger was represented by a red point and the left index finger by a green point. In the lower part of the screen, there was a half circle, which was the starting point. When the participant put both the hands on this circle, a target appeared somewhere on the screen (the radius of all targets was 10 cm), after a short variable delay (0.2-2 seconds) in a random position (eight standard positions: four in the right half of the screen and four in the left half). This was repeated over 30 trials. For each target, the reaction time and the peak velocity were recorded. At the end of the 30 trials, the means of these parameters were calculated and communicated to the participants. This feedback was given to the participants to help them maintain their motivation. During each training session, the participants were asked to perform three warm-up sequences and six sequences at maximum speed. They were invited to take a short break between each sequence (~2 minutes) Figure 1 . 
Data Recording and Statistical Analysis
During the test sessions, the x, y, and z displacement of the right index finger were recorded using the Vicon system (OxfordMetricsGroup; sampling rate: 200 Hz) with three cameras. The marker was placed on the nail of the index finger. Postural data were recorded using a seesaw force plate (techno concept ; Posturwin software, version P3-03). This force plate was connected to the Vicon system by an analogical signal to synchronize these two recordings. The recording of CoP displacement on an x-axis and y-axis began 600 ms before the hand movement procedure and finished 1,000 ms afterwards. Hand and CoP movement onsets were calculated from a 5% threshold of the maximal speed of each velocity signal. Hand and CoP-kinematics signals were filtered (fourth-order Butterworth with a 7 Hz low-pass cutoff frequency). To investigate the programming efficiency of the postural task, we focused on the initial part of the CoP displacement (7). The maximal velocity of the CoP displacement (CoP MV) and the time to CoP maximal velocity (CoP TMV: measured as the interval between the onset of the CoP displacement and the time to CoP maximum velocity) were taken as an indication of postural efficiency. More specifically, we focused on the time interval between the onset of CoP movement and the onset of hand movement. To measure APAs directly (7), we calculated the integrated value of the CoP velocity for this interval, divided by its duration (mathematically this represents the mean value of the CoP velocity that preceded the onset of hand movement: V m CoP APA ). These parameters are shown in Figure 2 .
All dependent variables were analyzed by repeated measures analyses of variance in which the factors were 2 Groups (TG and CG) × 2 Sessions (pretest and posttest). This analysis was carried out for the two conditions of stimuli independently (SRT and CRT). Levene's test for homogeneity of variance was conducted prior to the analysis of each variable. Post hoc analyses included Scheffé's tests when necessary. All statistical analyses were carried out using an alpha level of .05.
Results
As a prerequisite, we verified that age (CG: 72.87 ± 3.09 years and TG: 71.50 ± 2.67 years), height (CG: 167.62 ± 5.82 cm and TG: 165.95 ± 9.81 cm), weight (CG: 66.00 ± 7.72 kg and TG: 62.82 ± 8.89 kg), Tinetti scores (CG: 27.00 ± 1.41 and TG: 27.50 ± 0.78), TUG scores (CG: 8.05 ± 0.88 seconds and TG: 7.92 ± 0.93 seconds), and Mini-Mental State Examination scores (CG: 29.13 ± 1.12 and TG: 28.87 ± 1.11) were similar in the two groups for the pretest session, 
Hand kinematics
To verify that hand movement accuracy in the two groups was similar, we applied an analysis of variance to the x, y, and z positions of the hand movement end point. Results demonstrated no main effect of group, F(1,14) < 0.378, ps > .548, and there was no Group × Session interaction, F(1,14) < 1.764, ps > .205.
Hand reaction times were computed as the interval between the appearance of the stimuli and the onset of the hand movement. There was no Group × Session interaction for this variable in either the CRT or the SRT condition, F(1,13) < 0.803, ps > .371.
In contrast, the results revealed that movement times decreased between pretests and posttests in the TG. The main effects of Session, F(1,15) = 15.201, p = .001, and Session × Group interaction were both significant, F(1,15) = 14.008, p = .001, respectively. Post hoc analyses revealed Figure 4B .
Center of Pressure Kinematics
The CoP reaction time was computed as the interval between the appearance of the stimuli and the onset of the CoP displacement (with a threshold of 5% of the maximal velocity of the CoP). As reported above for hand reaction time, we found no significant effects in either the CRT or the SRT condition, F(1,13) <1.166, ps > .301.
In the TG, the maximum velocity of the CoP displacement increased between pretests and posttests only in the CRT condition. The main effects of Session, F(1,14) = 12.404, p = .003, as well as the Group × Session, F(1,14) = 5.597, p = .032, respectively, were both significant. The CoP maximum velocity was lower in the pretest (0.181 ± 0.073 m/s) than in the posttest (0.346 ± 0.052 m/s) in the TG, whereas these values were not significantly different in the CG (0.215 ± 0.049 m/s for the pretest and 0.271 ± 0.034 m/s for the posttest). In the SRT stimuli condition, the Group × Session interaction was not significant (ps > .231). These results are reported in Figure 4C .
The time to maximal velocity of the CoP (CoP TMV) displacement decreased between pretests and posttests in the trained group (TG) in the CRT condition only. The main effects of Session, F(1,13) = 6.913, p = .020, as well as Group × Session interaction, F(1,13) = 5.038, p = .042, were both significant in the CRT condition. Post hoc analyses revealed that the time to maximal velocity of the CoP displacement in the posttest test (0.166 ± 0.023 seconds) was significantly lower than in the pretest (0.297 ± 0.047 seconds, respectively). In the SRT stimuli condition, no significant effect was found (ps > 0.245). These results are reported in Figure 4D . Significant effects on postural parameters were noted in the CRT condition only. To determine whether these changes reflect improvements in motor programming, we focused on the APA and calculated the mean CoP velocity before the onset of the hand movement (V m CoP APA ). We found a significant Session × Group interaction, F(1,14) = 4.622, p = .049, for V m CoP APA . Post hoc analysis revealed that V m CoP APA was significantly higher in the posttest (0.078 ± 0.027 m/s) than in the pretest (0.052 ± 0.014 m/s) in the TG, as shown in Figure 5 , whereas the mean duration of APA remains the same in the two sessions for this group (0.134 ± 0.056 seconds on average).
Discussion
We aimed to determine whether postural control associated with a rapid arm movement in older adults could be improved using a virtual reality-based training program.
Our findings suggest that hand movement performance can be improved under the two conditions of stimuli in a series of six short training sessions each lasting approximately 30 minutes. Under the CRT condition only, the postural control associated with rapid arm movement in older adults can also be improved, especially in the initial phase of CoP displacement.
It is well known that movement slows down in elderly individuals (23) . However, a few studies have reported practice-related improvements in the programmed part of a hand movement (24) . In agreement with these reports, our results showed that practice resulted in a reduction in hand movement time and an increase in peak hand velocity.
In the CRT condition, which was the training condition, improvements in hand movement performances were accompanied by a decrease in time to maximal velocity of the CoP and an increase in the CoP amplitude. This impulse phase decreased to 166 ms on average, suggesting an improvement in motor programming (23) . Focusing on the APA, we calculated the mean CoP velocity before the onset of the hand movement (V m CoP APA ). Thus, we analyzed changes in the CoP velocity during the APA over a short duration of 130-140 ms. As the CoP displacement preceded the hand displacement, we consider that changes in V m CoP APA reflect changes of motor programming rather than feedback corrections. We observed that the mean CoP displacement velocity during APA (136 ± 56 ms before the onset of hand movement) increased between pre-and posttest in the CRT condition. In this case, feedback delays are probably too long to explain changes in V m CoP APA values between the pre-and posttest (25) . This finding is interesting in the light of previous studies, which have shown delayed APAs in older adults (9, 17) . Our results strongly suggest that the programmed part of complex movements in older adults can be improved. The mechanisms of these improvements still remain undetermined: participants may increase hand velocity first and then APA would be adapted a posteriori to compensate for the perturbation associated with the arm movement or APA may be modified first to facilitate the execution of the arm movement (16) .
The effect that we observed was limited to the training condition (CRT). In contrast, when the nature of the perturbation is well known in advance (SRT), the improvements seem more limited. This is because in a predictable environment (SRT), the motor programming is well defined in advance and specified before the go-signal. In contrast, when uncertainty increases, participants have to select between various solutions that may challenge motor programming (26, 27) . This finding is also consistent with the concept of contextual learning that explains the strengthening of motor learning during variable practice. This may induce greater solicitation of the motor memory compared with a blocked practice [see (28) for a review]. However, the present study did not directly compare these two modes of practice. Our study also has some other limitations. The sample size is not big enough to allow a full generalization of our results. We could have also used another placebo group for which a similar task would have been performed at a normal speed. In this group, we would expect no improvement for the programmed part of the whole movement. Finally, it would have been interesting to determine whether the observed improvements could have generalized to more functional and ecological situations, and further studies are currently under way to investigate this.
In conclusion, we measured practice-related improvements in the programmed part of postural control associated with an arm-raising task in a context of normal aging. It would be most interesting to determine the effects of this procedure in the context of a rehabilitation program for frail older adults with postural impairments. 
